Abstract The high-temperature corrosion behavior of four valve steels (X33CrNiMn23-8, X50CrMnNiNbN21-9, X53CrMnNiN20-8 and X55CrMnNiN20-8) in combustion gases of fuel oil, containing different concentrations of bio-components (5 and 10 wt%) has been studied under thermal shock conditions. It was found that the addition of bio-components decreased the corrosion resistance of steels investigated. It was also found that the X33CrNiMn23-8 steel containing the highest chromium concentration, behaved in the investigated atmospheres much better than three remaining steels due to the formation of highly protective chromia scale.
Introduction
Four chromium-nickel steels are being generally utilized in the production of valves in automobile engines. It has been found earlier that under isothermal conditions, the corrosion resistance of these materials in oxidizing atmospheres at temperatures 873-1,273 K depends first of all on chromium concentration [1] [2] [3] . The higher, namely, the concentration of chromium, the better is the corrosion resistance of these steels. Thus, the X33CrNiMn23-8 steel, containing the highest chromium concentration, shows good oxidation resistance, due to selective oxidation of chromium and the formation of highly protective chromia (Cr 2 O 3 ) scale. In the case of three other steels (X50CrMnNiNbN21-9, X53CrMnNiN20-8 and X55CrMn-NiN20-8) the concentration of chromium is too low for its selective oxidation. Consequently, the scale is heterogeneous, showing worse protective properties.
The discussed valve steels are working in very severe conditions due to rather high temperatures and in particular due to sudden temperature changes, described in the literature as thermal shocks. It is well known that in this case, high thermal stresses are developed in the scale-substrate system, due to different thermal expansion coefficients of both materials [4, 5] . As a consequence, during heating and cooling of the engine, cracking and spalling of the scale is observed, considerably lowering the corrosion resistance of a given material [4] [5] [6] [7] [8] . Under those conditions the scale adherence to the substrate surface constitute the most important problem, determining in the first place the corrosion resistance of the material.
In last few years fuel oils, utilized in automobile industry contain biocomponents (fatty acid methyl esters-FAME) [9] , influencing negatively the corrosion resistance of engine valves [10] [11] [12] [13] [14] [15] [16] . Thus, the present paper is an attempt to get new information on the influence of bio-component additions to fuel oil on corrosion resistance of valve steels in the atmosphere of combustion gasses under thermal shock conditions. During last 10 years the concentration of bio-components in fuel oil in EU countries is continuously increasing and nowadays is generally equal to about 5 wt% (fuel oil B5), but it is decided that in the next future, this concentration will increase up to 10 wt% (fuel oil B10) [9] . However, the presence of bio-components in the fuel oil is dangerous from corrosion point of view, because of high aggressive properties of their combustion products [10] [11] [12] [13] [14] [15] [16] . This is the reason, why the results of corrosion behavior under thermal shock conditions of four valve steels being used in the production of valve engines have been reported in the present paper.
Materials and Experimental Procedures
Chemical compositions of the studied valve steels and properties of fuel oil, containing different concentrations of bio-components (5 and 10 wt%) are summarized in Tables 1 and 2 , respectively. The samples for corrosion experiments have been obtained from rods of steels with diameter of 20 mm and the thickness of approximately 1 mm. These discshaped samples were grinded with emery papers (up 800 SiC) and finally polished using diamond pastes to obtain mirror-like surfaces.
The corrosion tests have been carried out using gravimetric method, consisting in rapid heating of a given sample from room temperature up to 973 K (or 1,173 K) and after treating it at this temperature during 2 h, subsequently cooling down rapidly (quenching) to room temperature. The duration of heating time was approximately equal to 1 min. The cooling time, in turn (quenching), proceeded in combustion gases during about 2 min. These experiments consisted in determining the mass changes of corroded samples as a function of number of thermal shocks. Two different temperatures (973 and 1,173 K) of corrosion tests have been chosen to simulate the temperature range, observed in diesel engines. The scheme of setup used in corrosion tests is presented in Fig. 1 . Figure 2 , in turn, illustrates the photographs of the discussed setup together with an engine, on which furnace is located in two different positions, corresponding to heating and cooling periods. These experiments have been performed in combustion gases of diesel engine installed in engine test house, containing the combustion products of biocomponents (FAME) added in different amounts (5 and 10 wt%). The number of heating tests, corresponding up to 600 h of valve works, has been chosen in order to simulate the standard time procedure of investigation of material quality of engines, utilized in automobile industry.
The interpretation of corrosion tests under discussion was as follows. If the corroded sample looses gradually its mass with successive thermal shocks, it means that the scale cracks and spall off from the surface of the material due to thermal stresses. It follows from these experiments that the higher are mass losses of the sample as a function of a number of thermal shocks, the worse is the scale adherence and consequently, protective properties of the scale. On the other hand, if the mass of the sample does not change virtually with the number of shocks, it means that in spite of thermal stresses the scale does not crack and spall off from the substrate surface, due to its very good adherence and consequently it protects satisfactorily the material against high temperature corrosion. Number of thermal shocks
X53CrMnNiN20-8 T = 1173 K Fig. 7 The results of thermal shocks of the X53CrMnNiN20-8 steel, investigated in combustion gases of fuel oil B5 and B10 at 1,173 K on the background of analogous results obtained in pure air (Dm/Sweight changes of the corroded samples per unit surface area)
Results and Discussion
The diagram presented in Fig. 3 illustrates the results of corrosion progress under thermal shock conditions of the X33CrNiMn23-8 steel, obtained in two different atmospheres (i.e. in combustion gases of oil fuel B5 and B10) at 1,173 K on the background of analogous results obtained in pure air [9] . As can be seen, the corroded sample in pure air does not virtually change its mass during thermal shocks, indicating that under these conditions very thin scale does not crack and spall off, showing thus excellent adherence to the substrate. Combustion gasses, on the other hand, containing different concentrations of combustion products of bio- components show high aggressive properties, which increase with increasing content of bio-components in the fuel oil. This conclusion follows directly from rapid decrease of mass of tested samples with increasing number of thermal shocks, clearly indicating that in these atmospheres the scales cracks and spall off from sample surface, showing thus much worse adherence to the substrate than that observed in pure oxygen atmospheres. The situation is slightly different at lower temperature (973 K), as shown in Fig. 4 . It follows from this diagram that the presence of 5 wt% of bio-components (B5) does not influence virtually the corrosion behavior of the X33CrNiMn23-8 steel under thermal shock conditions. Higher concentration of bio-components (10 wt%), on the other hand, is reflected in mass decrease of corroded sample as a function of number thermal shocks, clearly indicating that at this concentration of bio-component the scale spallation is observed.
Further six diagrams presented in Figs. 5, 6, 7, 8, 9 and 10 illustrate the behavior of remaining three steels under thermal shock conditions. From these diagrams it follows distinctly, that like in the case of the X33CrNiMn23-8 steel, the corrosion rate of three remaining steels increases both with temperature and concentration of bio-components. However, all these steels undergo much faster corrosion in combustion gases, as compared to oxygen atmosphere.
These differences are reflected in both, morphological structure and phase composition of scales. Figure 11 illustrates the macroscopic pictures of sample surfaces of all four steels after corrosion tests in discussed atmospheres. It follows from this figure that in agreement with corrosion tests, the adherence of the scale to the substrate in the case of all four steels corroded in combustion gases is considerable worse than in pure air atmosphere. However, in the case of the X33CrNiMn23-8 steel, the degree of scale degradation is less visible. It may be then concluded that the increase of the concentration of bio-components in fuel oil may create important problems in long-term life-time of automobile engines. These observations are also in agreement with X-ray diffraction data, presented in Figs. 12, 13, 14 and 15. From XRD data presented in Fig. 12 it follows, namely, that in early stages of corrosion of the X33CrNiMn23-8 steel during initial 50 thermal shocks, the scale is build mainly of chromium oxide, Cr 2 O 3 , with small spinel phase inclusions. In later stages (Fig. 13) , on the other hand, reaching 500 thermal shocks, spinel phase is not detected at all, and on the surface of chromia scale thin layer of iron oxides (Fe 3 O 4 and Fe 2 O 3 ) are observed. Different situation is observed in the case of three remaining steels with the lower chromium concentrations. From Fig. 14 it follows that in the case of the X50CrMnNiNbN21-9 steel, the scale in early stages of its formation is highly heterogeneous, containing a number of spinel phases, but not a separate chromia phase. In later stages of the reaction (Fig. 15) The results described above strongly suggest that corrosion resistance of steels under investigations depends mainly on chromium concentration in the alloy. The X33CrNiMn23-8 steel, containing highest chromium concentration behaves, namely, much better than three remaining ones not only in pure air but also in combustion gasses, containing combustion products of bio-components. This difference results from the fact that the concentration of chromium in the X33CrNiMn23-8 steel is high enough for selective oxidation of this metal and the formation of highly protective chromia scale, well adherent to the substrate. However, in combustion gases this chromium concentration is insufficient for the formation of completely compact chromia scale. Consequently, the corrosion rate of this material is higher than in purely oxidizing atmosphere, but much lower than those of three remaining steels with lower chromium concentration. It may be than concluded that in the future application of valve steels, the concentration of chromium in these materials should be even slightly higher than that in the X33CrNiMn23-8 steel.
Conclusions
One of the most important conclusions, following from the results described in the present paper consists in the demonstration that the addition of bio-components to the fuel oil increases the corrosion rate of steels utilized in valve production. It has been found also that the deteriorating effect of bio-components increases rapidly with increasing amount of these additions as well as with increasing temperature. As the combustion gases of fuel oil containing bio-components are a mixture of a number of compounds, showing different aggressive properties, the next step in this area of research should be the determination of the most aggressive compound of this mixture in order to find an appropriate inhibitor. This problem is a subject of current investigation in our laboratory. The last but definitely not least conclusion is, that an improvement of corrosion resistance of valve steels could be obtained by increasing the chromium concentration in these materials and/or by addition of rare earth elements.
